Introduction
enhancer binding protein (C/EBP) family [3] . These transcription factors activate other transcription factors and several genes needed in adipocyte maturation. As adipocytes differentiate, they acquire a spherical and monolocular shape, insulin-responsive glucose uptake, a coordinated control of lipid storage and utilization and a capability to synthesize and secrete adipokines. Typical marker genes for mature adipocytes are, e.g. glucose transporter 4 (Glut 4), fatty acid synthase (FAS) and hormone-sensitive lipase (HSL) [4] . Glut [5] . It has been reported that polyamines are essential during adipogenesis of 3T3-L1 cells and increased cellular levels of spermidine are detected during adipogenesis [6, 7] .
In addition, depletion of cellular polyamines by treatment with a inhibitor of polyamine biosynthesis, ␣-difluoromethylornithine (DFMO), has been noticed to prevent adipogenesis in 3T3-L1 by unknown mechanism and this inhibitory effect of DFMO is reverted by supplementation of putrescine or spermidine. However, specific roles of individual polyamines in adipogenesis have remained ambiguous as the natural polyamines are quickly metabolized further by the cells. We have recently synthesized stable ␣-methylated polyamine analogues as single isomers and enantiomers: (S)-and (R)-isomers of methylspermidine (MeSpd) and (S,S )-and (R,R )-diastereomers of ␣,-bismethylspermine (Me2Spm). They are not N-acetylated by spermidine/spermine N 1 -acetyltransferase (SSAT)
and MeSpd is a poor substrate for spermine synthase. Otherwise these polyamine analogues seem to fulfil many of the physiological roles of natural polyamines [8] .
However, we have recently shown that only (S )-MeSpd, but not (R)-MeSpd, can be converted
to hypusine in DU145 prostate carcinoma cells [9] . Hypusine is an unusual amino acid which is an integral part of functional eukaryotic translation initiation factor 5A (eIF5A) and is known to be essential for normal cell growth [10] . Spermidine has been shown to serve as the sole biosynthetic precursor in hypusine synthesis [11] . In this paper, we have investigated the importance of individual polyamines in adipogenesis. Moreover, the possible role of hypusinated eIF5A during adipogenesis was evaluated.
Materials and methods

Chemicals
The synthesis of (R)-and (S)-isomers of ␣-MeSpd and (R,R )-and (S,S )-
enantiomers of ␣,-Me2Spm has been described earlier [12] . 
Analytical methods
Polyamines and their ␣-methylated analogues were quantified by using high performance liquid chromatography as described earlier [14] . Protein concentrations were determined by using Bradford Protein Assay Reagent (BioRad Laboratories, Hercules, CA, USA). DNA contents were determined by modified Burton's method [15] . Different isoforms of eIF5A were analysed by two-dimensional electrophoresis and immunoblotting as described earlier [16, 17] Fig. 1 
Results
Effect of DFMO and polyamine analogues on adipogenesis
3T3-L1 cells were treated simultaneously with DFMO and polyamine analogues in order to inhibit de novo polyamine synthesis and to replace the natural polyamines with their methylated counterparts, respectively. The intracellular concentrations of polyamines and their analogues in cells treated with DFMO and polyamine analogue isomers are presented in Table 1. DFMO treatment depleted natural polyamines almost completely and only remains of spermine were detected. High levels of spermidine and spermine were detected in the untreated control cells and cells treated with DFMO plus natural spermidine. Spermidine levels were highest on the differentiation day 0 after which they declined during differentiation. Spermine levels did not change significantly during adipogenesis within given treatments. Cells exposed to DFMO with (S)-or (R)-MeSpd contained very low levels of natural spermine, and traces of natural spermidine were detected only with (S)-MeSpd treatment. Both isomers of MeSpd were metabolized to some extent to monomethylated spermine. DFMO in combination with either Me2Spm diastereomer depleted natural polyamines completely. (S,S)-Me2Spm was slightly converted to MeSpd, whereas (R,R)-Me2Spm was not. Microscopic views of Oil Red O stained cells after 8 days of differentiation are shown in
. Cells treated with DFMO and (S)-or (R)-MeSpd accumulated fat as well as the untreated control cells or cells treated with DFMO and natural spermidine. If anything, accumulation of fat in the cells treated with spermidine isomers was slightly delayed when compared with the control cells on the differentiation day 4. In contrast, the fat accumulation was significantly decreased in the cells treated with DFMO and either (S,S)-or (R,R)-Me2Spm. However, cells treated with the (S,S)-diastereomer accumulated fat somewhat better than the cells treated with the (R,R)-diastereomer. Differentiation was also assessed by quantifying the amount of Glut 4 that is considered as a marker protein for mature adipocytes. Results of Glut 4 protein expression supported those from Oil Red O staining. On the differentiation day 4, the level of Glut 4 protein was slightly lower in the cells treated with spermidine isomers when compared with untreated control cells (Fig. 3). On the differentiation days 6 and 8, equal amounts of Glut 4 were expressed in the control cells and in cells treated with DFMO plus (S)-or (R)-MeSpd. Cells treated with DFMO in combination with Me2Spm diastereomers did not express Glut 4 protein at any timepoint (Fig. 3).
Hypusine is an integral part of functional eIF5A that is essential for normal cell growth. As spermidine has been shown to serve as the sole biosynthetic precursor in hypusine synthesis, the presence of hypusinated eIF5A and its precursor forms in differentiating 3T3-L1 cells were studied by using 2D electrophoresis and immunoblotting (Fig. 4) . Only hypusinated eIF5A was detected in the untreated control cells on differentiation days 0 and 8. (Fig. 4) .
Similarly, it was the prevalent form in the cells treated with DFMO and natural spermidine or (S)-MeSpd. Treatment with DFMO and (R)-MeSpd or either Me2Spm isomer only partially supported hypusine synthesis leading to accumulation of precursor isoforms of eIF5A. On differentiation day 8 some hypusinated eIF5A was present when cells were treated with DFMO and (R)-MeSpd or (S,S)-Me2Spm whereas it was barely detectable in cells treated with DFMO and (R,R)-Me2Spm
The effect of natural spermine on adipogenesis in 3T3-L1 cells was studied in similar conditions as described above. On differentiation day 4, the cells treated with DFMO alone contained virtually Fig. 1 ). Fig. 5 . In the absence of DFMO (Fig. 5A) Table 3 . Generally, levels of polyamines and polyamine analogues were similar to those in the adipogenesis experiment without pre-treatment ( Table 1) 
Effect of long-term exposure to DFMO and polyamine analogues on cell proliferation and differentiation of 3T3-L1 cells
We investigated the ability of polyamine analogues to maintain cell proliferation of undifferentiated 3T3-L1 cells grown in the absence or presence of 5 mM DFMO. Relative cell growth during a 12-day culture is depicted in
as compared with untreated cells (Contr). S, (S)-MeSpd, R, (R)-MeSpd, SS, (S,S)-Me2Spm, RR, (R,R)-Me2Spm.
Fig. 3 Expression of Glut 4 protein. After plating, the cells were untreated (Cont) or treated with 5 mM DFMO in combination with 100 M spermidine or a polyamine analogue. Glut 4 protein expression was determined on differentiation days 4, 6 and 8. Ten micrograms of protein were used for Western blotting analysis. Equal loading was confirmed by Ponceau staining (not shown). Molecular size as kD is shown on the right. S, (S)-MeSpd, R, (R)-MeSpd, SS, (S,S)-Me2Spm, RR, (R,R)-Me2Spm.
Fig. 4 Effect of MeSpd and Me2Spm isomers on the level of hypusinated eIF5A in differentiating 3T3-L1 cells. During differentiation, cells were untreated (control) or treated with 5 mM DFMO in combination with 100 M (S)-MeSpd (S), (R)-MeSpd (R), (S,S)-Me2Spm (SS) or (R,R)-Me2Spm (RR). Twenty micrograms of protein from each sample were separated by two-dimensional gel electrophoresis followed by immunoblotting and detection with eIF5A antibody. (R,R)-Me2Spm, cell growth was slower than that of the untreated cells. DFMO treatment efficiently prevented cell growth and a total growth arrest was obtained already at 6 days (Fig. 5B). All used isomers of polyamine analogues were able to rescue cells from DFMO-related growth inhibition at least to some extent. (S)-MeSpd was the most effective and the only one that maintained cell growth during the whole 12-day experiment. With (R)-MeSpd and (S,S)-Me2Spm, the rate of cell growth was dramatically decreased during experiment. (R,R)-Me2Spm partially rescued cells from growth inhibition for 6 days where after cell proliferation ceased totally. Long-term exposure to DFMO and (S)-or (R)-MeSpd isomers was performed also to further study the utilization of spermidine isomers in hypusine synthesis and the role of hypusination in adipogenesis. In order to deplete cellular contents of natural spermidine-derived hypusinated eIF5A before the induction of adipogenesis, cells were pre-treated with DFMO and (S)-or (R)-
. As a difference, some natural spermidine was detected and the level of natural spermine was substantially decreased in cells treated with either MeSpd isomer (Table 3). All cells treated with (S)-MeSpd grew and differentiated similarly to the cells in previous experiments. In contrast, long-term treatment with (R)-MeSpd affected cell growth and viability, and a number of cells detached from plates and apparently died. Yet, cells remaining on the plates differentiated and accumulated fat as well as the (S)-MeSpd-treated cells. Therefore, fat accumulation per well was higher in (S)-MeSpd-treated cells (Fig. 6A) but when fat accumulation was normalized to DNA content representing cell number, (S)-and (R)-MeSpd-treated cells accumulated fat equally (Fig. 6B). As in previous experiments, (S)-MeSpd-
S, (S)-MeSpd, R, (R)-MeSpd, SS, (S,S)-Me2Spm, RR, (R,R)-Me2Spm. treated cells had only hypusinated eIF5A and (R)-MeSpd-treated cells contained both the hypusinated form and precursor isoforms of eIF5A (results not shown).
Effects of DFMO, polyamine analogues and natural polyamines on expression of adipocyte specific genes
To determine the mechanism(s) via which DFMO and polyamine analogues contribute to adipogenesis, gene expression studies were performed. As Fig. 7 
shows, DFMO treatment blocked almost completely expression of PPAR-␥ and C/EBP-␣, the critical factors regulating adipogenesis, on the differentiation day 4. Expression of PPAR-␥ in cells treated with (S)-MeSpd, (R)-MeSpd or natural spermine was reduced about 30 to 40% whereas in cells treated with (S,S)-Me2Spm, (R,R)-Me2Spm or natural spermine plus MDL72527, a decline in the expression was about 70-80% (Fig. 7). In contrast, natural spermidine sustained the expression of this transcription factor at the control level. Expression of C/EBP-␣ in cells treated with (S)-MeSpd, (R)-MeSpd or natural spermidine was near to the control level whereas treatment with (S,S)-Me2Spm, (R,R)-Me2Spm or natural spermine plus MDL72527 resulted in about 90% reduction in the expression. In contrast, cells treated with natural spermine without MDL72527 exhibited about 55% reduced expression of C/EBP-␣. A similar expression pattern between the treatments was also observed for a lipolytic gene, HSL, and a late adipocyte differentiation marker, FAS, on the differentiation day 4 (Fig. 7). The only exception was that (R)-MeSpd -treated cells, similarly to (S,S)-Me2Spm, (R,R)-Me2Spm and natural spermine plus MDL72527 -treated cells, had dramatically reduced expression of FAS.
